Congenital cataracts are a common major abnormality of the eye that frequently cause blindness in infants. At least a third of all cases are familial; autosomal dominant congenital cataract (ADCC) appears to be the most common familial form in the Western world. We have mapped an ADCC gene in family ADCC-2 to chromosome 21q22.3 near the α-crystallin gene CRYAA. By sequencing the coding regions of CRYAA, we found that a missense mutation, R116C, is associated with ADCC in this family.
INTRODUCTION
Congenital cataracts are a common major abnormality of the eye that frequently cause blindness in infants (1) . At least a third of all cases are familial (2); autosomal dominant congenital cataract (ADCC) appears to be the most common familial form in the Western world (3) . Twelve distinct loci in humans have been identified for 10 phenotypically distinct forms of ADCC (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
Crystallin genes, which encode major structural proteins in the lens, are obvious candidate genes for cataracts. Five reports of mutations in mammalian crystallin genes associated with hereditary cataracts have been published. Chambers and Russell (17) found an in-frame deletion of 12 nucleotides in the βB2-crystallin gene that was associated with inherited autosomal dominant cataract in the Philly mouse. Litt et al. (18) described a chain termination mutation in the human βB2-crystallin gene that was associated with autosomal dominant cerulean cataract. In the human autosomal dominant Coppock-like cataract, activation of a γ-crystallin pseudogene by a cluster of sequence changes in the promoter region produces a 10-fold increase in the expression of mRNA encoding a truncated polypeptide (19) . A splice site mutation in the γ-crystallin gene causes an autosomal dominant cataract in the guinea pig (20) , and a single nucleotide deletion in the γE-crystallin gene of the Elo mouse mutant causes autosomal dominant cataract and microphthalmia (21) .
We have been studying a family (ADCC-2) with ADCC ( Fig. 1) . The cataracts in this family have been described as congenital zonular central nuclear opacities. In some individuals, the cataracts have been also associated with microcornea. As adults in their 30s, patients have had the development of cortical and posterior subcapsular cataracts as well. The time of surgery has varied from infancy to late childhood. Visual acuity following surgery has been as good as 20/40 in older adults, but several patients have had poor vision in each eye associated with nystagmus and often congenital microphthalmia (at least four patients). Other sequelae common in this family included amblyopia, strabismus and glaucoma.
In this report, we describe linkage mapping of the ADCC gene in family ADCC-2 to chromosome 21q22.3. Because the αA-crystallin gene (CRYAA) maps to this region (22) , we hypothesized that this gene might be the site of the ADCC mutation in family ADCC-2. This hypothesis was supported by our discovery of a R116C missense mutation in CRYAA that was present in all affected family members.
RESULTS
Linkage analysis of family ADCC-2 was performed with microsatellite markers mapping close to crystallin genes or mapping close to the reported locations of other ADCC genes. We found evidence for linkage with microsatellite markers D21S212 and D21S171, with pairwise Lod scores exceeding 5.0 (Table 1) . Subsequently, we ran additional markers, D21S167, S168 and S1446, spanning 24 cM on chromosome 21q22.3. Of these markers, D21S1446 is the most telomeric on the CHLC map of chromosome 21q (23) . Marker haplotypes are illustrated in Figure 1 . With the exception of individual III-9, who is recombinant for D21S168 and the ADCC locus, the diseasebearing chromosome has the same haplotype (63924) in all affected individuals. The crossover in affected individual III-9 suggested localization of the ADCC gene telomeric to D21S168.
The αA-crystallin gene CRYAA is flanked by D21S212 and D21S171 on the yeast artificial chromosome (YAC)-based physical map of chromosome 21q (24) . Hence we screened the coding regions of this gene for mutations that might be associated with ADCC in family ADCC-2. PCR primers to amplify the coding regions were designed from the published partial genomic sequence (GenBank accession no. X14789) and the full-length cDNA sequence (GenBank Accession No. U05569). The primers used are described in Table 2 and their locations in the genomic sequence are indicated in Figure 2 . PCR products from the *To whom correspondence should be addressed. Tel: +1 503 494 7717; Fax: +1 503 494 8393; Email: litt@ohsu.edu proband were sequenced directly. The sequences of exons 1 and 2 from the proband were identical to the published sequences.
Only the 5′ most 247 nucleotides of sequence from intron 2 (total length >1 kb) has been published (GenBank accession no. X14789). To design an upstream primer (ex3af) for amplification of exon 3 that could be used together with primer ex3r to yield a product small enough to allow the exon 3 coding sequence to be sequenced on both strands, we determined the reverse sequence of the 1.5 kb PCR product obtained using primers ex3f and ex3r. This sequence has been deposited in GenBank with the accession no. AF026952. PCR products containing the coding region of exon 3 from the proband (individual IV-6) in family ADCC-2 and from unaffected family member III-8 were sequenced directly. Individual IV-6 (but not unaffected individual III-8) was heterozygous for a C→T transition at position 413 of the cDNA sequence (data not shown). This corresponds to the first base of the codon normally encoding arginine residue 116, changing this residue to a cysteine (R116C).
Allele-specific oligonucleotides (ASOs) were designed to test for the presence of the mutation in additional family members and unrelated individuals. A Southern blot of PCR products from exon 3 of family members, probed with the ASO 413A corresponding to the mutant sequence, is shown in Figure 3 . All of the eight additional family members tested, who were heterozygous for the disease-bearing chromosome as determined by linkage analysis, had the mutation. None of the 14 additional family members tested who lacked this chromosome had the mutation. When the blot was re-probed with the wild-type ASO (413G), all family members gave signals (data not shown). In addition, all 111 unrelated unaffected individuals (CEPH grandparents and parents) tested by this method lacked the mutation (data not shown). 
DISCUSSION
We have described a family with ADCC associated with a C413T mutation in the human CRYAA gene. Although all 222 chromosomes from unaffected unrelated individuals screened lacked the C413T alteration, it remains possible that this variant could be a rare polymorphism in the normal population. However, for the following reasons, we believe that the C413T alteration is the causative mutation in ADCC-2 rather than than just a polymorphism in strong linkage disequilibrium with the causative mutation. (i) The mutation segregates with the disease phenotype in family ADCC-2 and is absent from the 111 additional unrelated individuals screened.
(ii) As illustrated in Figure 4 , Arg116, the residue changed by the mutation, is invariant in 28 mammalian species as well as in chicken and frog (25) . In addition, the α-crystallins have a strong tendency to keep their net charge constant throughout evolution (25) . (iii) Recent studies of the structure and function of αA-crystallin using site-directed spin labeling indicate that the conserved Arg112 and Arg116 are in a 'buried environment, indicating the presence of buried salt bridges in the core of the αA-crystallin oligomer and/or the subunits' (26) . Substitution of Arg116 by cysteine would be expected to disrupt one of these salt bridges and might also lead to the formation of additional disulfide bonds, thereby destabilizing the native structure of the αA-crystallin polypeptide. The importance of α-crystallins in the maintenance of lens transparency was clearly demonstrated by the work of Brady et al. (27) who showed that mice homozygous for a targeted disruption of the αA-crystallin gene developed cataracts and had cytoplasmic inclusion bodies containing the small heat shock protein αB-crystallin. We speculate that the cataracts in family ADCC-2 may result from partial loss of the chaperone function (27) of αA-crystallin, and/or from an increased tendency of the mutant polypeptide to aggregate because of its decreased positive charge and its gain of a sulfhydryl group. Biophysical studies of the mutant αA-crystallin may elucidate the mechanism of cataract formation.
Five of those affected in family ADCC-2 had, in conjunction with their cataracts, congenital nystagmus and congenital microphthalmia, often with corneal diameters of ∼9 mm. The nystagmus attests to the severity of the visual deprivation from early infancy. Congenital microphthalmia previously has been reported in rare families with ADCCs (28) (29) (30) . The presence of congenital microphthalmia in our family indicates that αA-crystallin, similarly to γE-crystallin in the Elo mutant mouse (21), appears to play an important role in the normal embryological development of the anterior segment of the eye. 
MATERIALS AND METHODS

Family members
The family consisted of 13 affected and 11 unaffected members spanning four generations. Subjects were invited to participate and gave informed consent to the study protocol, which was approved by the institutional review board of the Oregon Health Sciences University. A total of 23 family members (nine affected, 11 unaffected and three spouses of affected) gave blood samples, allowed access to ophthalmological records and, in several instances, were examined ophthalmologically by one of the authors (R.G.W.). All affected patients had a history of congenital cataracts requiring surgery on one or both eyes.
Genotyping and linkage analysis
DNA was extracted from buffy coats by a salting out procedure (31) . Typing with microsatellite markers was performed as previously described (14) . Pairwise linkage analyses were conducted as previously described (14) . We assumed autosomal dominant inheritance of a rare gene (frequency 0.0001) with nearly complete penetrance (0.95). Since onset occurs by childhood, we did not incorporate an age correction.
PCR and DNA sequencing
Three-temperature 'touchdown' PCR was performed using an initial annealing temperature of 75_C which was decreased by 1_C in each of the first 15 cycles, then maintained at 60_C for 29 more cycles. Each cycle consisted of a 15 s, 94_C denaturing step, a 30 s annealing step, and a 3 min 72_C extension. The PCR reaction mixtures contained standard Perkin-Elmer/Cetus PCR buffer and AmpliTaq polymerase with 2.5 mM MgCl 2 . Primers (Table 2 ) were present at 0.5 µM. PCR products were gel purified (Qiaex-II kit, Qiagen) and sequenced on an ABI 373 sequencer. Both strands were sequenced using either the forward or reverse primer used for PCR together with the Amplitaq FS cycle sequencing kit with dye-labeled terminators.
Allele-specific oligonucleotide hybridization
ASOs corresponding to the mutant (413A) and wild-type (413G) sequences were as follows: 413A, 5′-GTAGCGGCAGTGGAA-CT-3′; and 413G, 5′-GTAGCGGCGGTGGAACT-3′. ASOs were labeled individually with digoxigenin using the DIG oligonucleotide 3′ end labeling kit (Boehringer). Following electrophoresis on 1.6% agarose gels, PCR products containing CRYAA exon 3 were transferred to Hybond N+ membranes (Amersham). After pre-hybridization for 2-4 h, blots were probed overnight with the digoxigenin-labeled ASO 413A at 2 µM in the presence of a 20-fold excess of the unlabeled ASO 413G. Hybridizations and pre-hybridizations were performed at 37_C in 5× SSC, 1% blocking reagent (Boehringer catalogue no. 1-096-176), 0.2% SDS, 1% N-lauroyl sarcosine. Blots were washed at room temperature briefly in 2× SSC/0.1% SDS and then in TMAC wash (3 M tetramethylammonium chloride, 50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.1% SDS). Blots were then washed twice for 10 min each time at 52_C in TMAC wash (32) . Labeled fragments were detected colorimetrically using the DIG Nucleic Acid Detection Kit (Boehringer).
